Introduction

46
Plants face highly variable environmental conditions, with fluctuations of light intensity,
47
Simulations of the steady-state response of to CO 2 and light intensity were tested with the 126 measurements by Hald et al. on A. thaliana Col-0 using a white light source. In 
133
Simulations of NPQ induction and relaxation were tested with measurements by Nilkens et al.
134
(2010) on A. thaliana Col-0 and its associated npq4 mutant that lacks PsbS. In the measurements 135 and simulations, NPQ was calculated as F m /F m ′ -1, where F m is the dark-adapted maximum
136
fluorescence yield. The model fitted the data accurately (nRMSE = 16%), including the lower
137
NPQ and slower kinetics introduced by the mutation (Fig. 3A) .
138
Electrochromic shift (ECS) 139
Simulations of changes in ΔΨ during dark intervals were tested with measurements of total ECS 140 (ECS t ) and inverse ECS (ECS i ) as a function of CO 2 and light intensity on A. thaliana Col-0 (using a 141 red light source) by Takizawa et al. (2007) . In the measurements, ECS t = ECS l -ECS m and ECS i =
142
ECS d -ECS m , where ECS l , ECS d and ECS m are the steady-state ECS in the light and darkness, and 143 the minimum ECS in darkness, respectively (Takizawa et al., 2007) . In the simulations, the same 144 parameters were calculated from simulations of ΔΨ during dark intervals (Fig. S1 ), such that
simulated ECS t and ECS i had units of voltage (mV). This relies on the assumption that the ECS
146
signal is proportional to ΔΨ (Cruz et al., 2001 ).
147
The model predicted well the effect of CO 2 and light intensity on ECS t and ECS i (Fig. 3B ) for a 148 wide range of light intensities (0 -800 μmol m −2 s −1 ) at ambient and low CO 2 . The simulated 149 values were linearly related to observations, with a non-significant intercept, a slope of 71 150 mV/ECS-unit and nRMSE = 30%. In addition, the model predicted that ECS t was linearly related 151 to pmf (nRMSE = 1.6%, R 2 = 1) and ECS i was linearly related to ΔpH (nRMSE = 4.7%, R 2 = 1), in 152 agreement with the analysis by Cruz et al. (2001) .
153
P700 redox state 154
Simulations of the effect of CO 2 and white light intensity on the redox state of P700 and the rate 155 constant of P 700 + reduction during a dark interval (k P700 ) were tested with measurements by Hald with respect to dark-adapted conditions as a proxy for the fraction of P700 that was reduced
158
(f P700 ). In the simulation, f P700 can be calculated directly from the model output, but to be 159 comparable with the measurement, relative changes with respect to darkness were reported,
160
such that simulated f P700 becomes 1 in the darkness (the absolute value was 0.95). In both 161 measurements and simulations, the rate constant of reduction was calculated by fitting an 162 exponential decay to time series of f P700 during a dark interval. The light intensity and CO 2 163 during the CO 2 and light response curves were 1500 μmol m −2 s −1 and 2000 μmol mol −1 ,
164
respectively.
165
The model captured correctly (Fig. 2 ) the decrease of f P700 with light intensity (nRMSE = 5.9%)
166
and the increase with CO 2 (nRMSE = 17%). In the absence of acceptor-side kinetic limitations,
167
f P700 is an estimate of . In the simulations, the higher values of 168 f P700 compared to were explained by (i) cyclic electron transport around PSI and (ii) a higher 169 excitation of chlorophyll pigments associated with PSII (i.e., 53% of excitations were associated 170 with PSII).
171
The relative effects of light intensity and CO 2 on k P700 were reproduced adequately (Fig. 2 ) by the 172 model (nRMSE = 3.6% and 11%, respectively), although simulations tended to overestimate 173 observations (on average by 30%). k P700 is associated with the rate constant of PQH 2 oxidation 174 by cyt b 6 f , and better agreement between simulations and data could be 175 obtained by reducing either the rate constant of PQH 2 oxidation by cyt b 6 f or the amount of cyt 176 b 6 f by 30% (results not shown). However, this also resulted in an underestimation of NPQ
177
(because the equilibrium point was obtained at a higher lumen pH) and CO 2 assimilation (see 178 below). This analysis suggests that the current parameterization of the model may not be 179 optimal and that further improvement is possible. However, an exhaustive search of parameter 180 space to find optimal combinations is beyond the scope of this study. In addition, we cannot 181 exclude the possibility of inconsistencies or lack of comparability across datasets since they
182
were obtained from different experiments.
183
Net CO 2 assimilation 184
Simulations of the steady-state responses of An to CO 2 and light intensity, and dynamic
185
responses of An to increases and decreases in light intensity were tested with measurements 186 reported by . The measurements were taken on 15 replicates A. thaliana Col-187 0 using a LED light source (10% blue, 90% red). Except for the CO 2 response curve, all 188 measurements were performed with CO 2 and O 2 mole fractions of 400 μmol mol −1 and 210 189 mmol mol −1 , respectively. In the CO 2 response curve, light intensity was 1000 μmol m −2 s −1 .
190
Dynamic responses to changes in light intensity were always measured after the fluxes were in 191 steady-state. These conditions were emulated in all simulations.
192
The model successfully reproduced the steady-state response of An to light intensity (Fig. S2 
197
Four light transients were chosen from the measurements by 
212
of 50 μmol m −2 s −1 to which the virtual leaf was previously adapted) with constant air CO 2 of 400 213 μmol mol −1 and 100 μmol mol −1 , respectively, were simulated ( Fig. 6 and Fig. S4 , respectively).
214
The rest of simulated environmental conditions for the induction curves were as in the 215 simulated steady-state response curves.
216
Cyclic and non-cyclic electron transport are complementary and contribute to balancing 217 the redox state of the photosynthetic electron transport chain 218
The fraction of electrons through PSI ( ) allocated to ANCET did not vary much with light 219 intensity, but decreased with CO 2 (Fig. 4A and Fig. 5A ) with a total range of variation between 220 14% and 25%. WWC consumed a small fraction of these electrons as most were allocated to NiR
221
and MDH. The fraction of allocated to cyclic electron transport (CET) was small (always ≤ 4%),
222
increasing with light intensity, decreasing with CO 2 and being always higher for FQR than for 223 NDH. At low light, MDH became more important than NiR. The reason is that the electron flux 224 through MDH depends on the NADP + /NADPH pool, which the model predicted to be more 225 reduced at low light than the pool of ferredoxin that controls the electron flux through NiR 226 (Fig. 4B) . The decrease of the fractions allocated to ANCET and CET with CO 2 paralleled the 227 decrease in the ratio between ATP and NADPH consumption as the oxygenation/carboxylation 228 ratio was reduced.
229
Under ambient CO 2 , the fraction of allocated to ANCET and CET was significantly higher 230 during the first two minutes of induction ( 
237
The strong difference between CET and ANCET can be explained by the lower maximum 238 capacity of CET compared to ANCET (see Table S1 ) but also by a more reduced state of the 239 PQ/PQH 2 pair relative to Fd at all light intensities (Fig. 4B ) and CO 2 (Fig. 5B) 
246
Given the lack of sufficient quantitative knowledge on the electron transport capacities of the 247 different routes of alternative electron transport, a sensitivity analysis was performed by 248 varying the total maximum capacity for electron transport of CET (CET m ) and ANCET (ANCET m ),
249
at low (100 μmol m −2 s −1 ) and high (1000 μmol m −2 s −1 ) light intensities (Fig. 7) . The analysis 250 revealed that, as ANCET m (CET m ) decreased (increased), a significantly higher fraction of was 251 allocated to CET at both low and high light intensities ( Fig. 7A and Fig. 7B ). However, the 252 efficiency of CET was always lower than for ANCET ( Fig. 7C and Fig. 7D ), meaning that a higher 7 excess capacity was required for the same actual electron flux. Throughout all simulations, more 254 than 60% of ANCET m and CET m remained unused, even when they were reduced 5-fold. This 255 apparent inefficiency can be explained by a relatively strongly oxidized pool of Fd (Fig. 4 and 256 Fig. 5 ), which always remained more oxidized than the PQH 2 /PQ pool.
257
At low light intensity, a higher rate of CO 2 assimilation was achieved when the fraction of 258 allocated to CET increased, in parallel with an increase in the PQH 2 /PQ ratio, whereas lumen pH 259 did not change (Fig. 7E) . This suggests that, under low light conditions, CET may play an 260 important role in redox poising, i.e., preventing PETC from being over-oxidized, and thus 261 ensuring sufficient electron flux through cyt b 6 f. In addition, at low light intensity, the excess 262 capacity for alternative electron transport is such that even with a 5-fold reduction of ANCET m , 263 more than 70% of this capacity is not being used (Fig. 7C) , despite being 3.6 times higher than
264
ANCET m . However, the maximum fraction of that can go into ANCET or CET is limited by the 265 ratio at which ATP and NADPH is consumed by the Calvin cycle and photorespiration.
266
At high light intensity, the same reduction in ANCET m resulted in a 70% decrease in An and an 267 over-reduction of the PQH 2 /PQ pool (Fig. 7F ).This over-reduction was associated to an increase 268 in lumen pH, which decreased pmf to 104 mV (around the ATPase activation threshold), 
274
Little is known about the affinity of NDH and the protein complexes involved in FQR for Fd and
275
PQH 2 , so the sensitivity analysis was repeated by reducing the half-saturation constants 276 assumed for FQR and NDH (Table S1 ) by a factor of two. The overall result was an increase in the 
294
The electron flux through NDH may be reversed when metabolism is strongly limiting 295
The simulated induction curves ( Fig. S4 and Fig. 6 ) revealed that the flux of electrons through
296
NDH could reverse its normal direction (i.e., reduction of PQ) under conditions where 297 metabolism strongly limited linear electron transport. This means that PQH 2 was being used to 298 reduce oxidized Fd, bypassing the normal route via PSI. Hence, this form of electron transport 299 may be denoted as "pseudolinear electron transport" (PLET). PLET is possible because the 300 equilibrium of the reaction catalyzed by NDH is sensitive to pmf, given that its electron transport 301 activity is coupled to trans-thylakoid H + transport 
306
Calvin cycle will also be restricted. Indeed, reversal of NDH operation during the simulations 307 always coincided with strong up-regulation of MDH and NiR (see Fig. S4 and Fig. 6 ) and the 308 maximum flux occurred in the induction curve at low CO 2 , with a value of 7.1 μmol m −2 s −1 (i.e.,
309
88% of the maximum electron flux assumed for NDH). However, such a high flux was only
310
sustained for a few seconds.
311
PLET may have a photoprotective effect, by dissipating excess of energy under strong stromal 312 metabolic restrictions (i.e., behaving as a "safety valve"), which could result in more oxidized Q A .
313
To test this effect, the simulation of photosynthetic induction at low CO 2 was repeated assuming 
319
PLET may also affect the redox state of ferredoxin. Indeed, in the simulations, the increased 
323
However, the large differences in midpoint redox potentials between ferredoxin and these 324 enzymes (Schu rmann, 2003) suggest that the ferredoxin/thioredoxin system may act as a 325 dark/light switch rather than a mechanism for the fine tuning of enzyme activity in the Calvin 326 cycle.
327
qE does not follow first-order kinetics and is strongly regulated by light and CO 2 328 qE increased with light intensity (Fig. 4D ) and decreased with CO 2 (Fig. 5D ), due to changes in
329
PsbS + and ZX. These changes were driven by lumen pH that decreased with light intensity
330
( Fig. 4C ) and increased with CO 2 (Fig. 5C) , with a range of values from 7.8 (in darkness), 6.4
331
(high light intensity and ambient CO 2 ) and 5.8 (high light intensity and low CO 2 ), in agreement 332 with the "moderate lumen pH" theory . On the other hand, the pH of the 333 stroma was highly buffered and varied between 7.8 and 8.0, partly due to the higher volume of 334 the stroma relative to the lumen. The contribution of PsbS + to qE at high lumen pH (pH > 6.8)
335
was more important than the contribution of ZX, while the opposite became true at lower values 336 (pH < 6.8). Although our model assumes a direct effect of PsbS + (in the absence of ZX) and a 337 direct effect of ZX (in the absence of PsbS + ) on qE, most of the variation with CO 2 and light 338 intensity was attributed to the combined effect of both factors. This is in agreement with 339 previous models of qE (Takizawa et al., 2007; Zaks et al., 2012) that only accounted for the 340 combined effect of PsbS and ZX. This also explains why qE increased in a sigmoidal fashion with 341 light intensity (Fig. 4D ).
342
However, the kinetics of qE cannot be explained by accounting only for the combined effect 343 (Fig. 6D) , as the build-up of ZX is much slower than the dynamics of PsbS protonation. Indeed, 344 the evolution of qE during the first 10 minutes of simulation could not be described by a single 345 rate constant (i.e., did not follow first-order kinetics). Although such kinetics are often explained 346 as a sum of exponentials Dall'Osto et al., 2014) , a decomposition of qE into 347 its components indicates that the direct contribution of PsbS + to qE had an "overshooting" 348 behavior, whereas the contribution of ZX increased in a sigmoidal fashion (Fig. 6D ).
349
Furthermore, the model predicts that, under conditions where the direct PsbS + component 350 dominates (e.g., low light intensity), qE would display an overshooting behavior. Such behavior 9 has been observed experimentally (Armbruster et al., 2014; and cannot be 352 explained by a sum of exponentials.
353
The role of the ADP/ATP ratio in the regulation of Rubisco and electron transport chain 354 Unlike pmf, the simulated H + flux (v H ) coupled to ATP production increased with both light 355 intensity and CO 2 , as required by increasing rates of CO 2 assimilation. Thus, whereas v H 356 increased with pmf in a characteristic sigmoidal fashion when light intensity was varied 357 (Fig. S5A) , v H decreased and pmf increased as CO 2 was decreased (Fig. S5B ). This behavior was 358 possible due to changes in the ATP/ADP ratio ( Fig. 4B and Fig. 5B 
364
and . In the simulations, this ratio decreased with light intensity (Fig. S5A) , in the 365 range where ATP/ADP remained constant, coinciding with a strong increase in pmf and qE 366 (Fig. 4) . On the other hand, v H /pmf increased with CO 2 , in parallel to the decrease in ATP/ADP, 367 qE and pmf (Fig. 5) . Similar patterns were observed by using the 368 rate constant of ECS decay in the darkness as an estimate of v H /pmf. During induction, the 369 ADP/ATP ratio remained low (Fig. 6B ), which ensured a high pmf, a fast increase in qE and a
370
high Rca activity that maximized the rate of Rubisco activation.
371
The effect that the ATP/ADP ratio can have on ATP synthesis is dual: (i) an effect on the free 372 energy of the reaction, and (ii) an effect on the kinetics of the reaction through changes in 373 substrate binding and product release. Whereas the first effect would not explain the required 374 large changes in pmf , the kinetic effect can be important if (i) the 375 pool of adenylates is sufficiently small (in our simulations, 1 mM) and (ii) the effects of pmf and 376 product inhibition on the affinity of ATPase for its substrates is considered (Pa nke and Rumberg, 377 1996). Parallel measurements of ECS and the adenylate pool in the stroma are lacking and thus 378 it is not possible to verify whether such metabolic regulation is possible in vivo. However, the 379 model suggests that changes in the ATP/ADP ratio are constrained by necessary changes in
380
Rubisco activity (Fig. 4B and Fig. 5B ). That is, adequate coupling of the Calvin cycle and PETC 381 requires modulation of the activity of Rubisco, which is dependent on the ADP/ATP ratio 382 through regulation of Rubisco activase (Rca) activity (Zhang and Portis, 1999) . Indeed, 383 suppressing the effect of ADP/ATP on Rca through genetic manipulation results in lack of 384 regulation of Rubisco activity (Carmo-Silva and Salvucci, 2013) . As Rubisco activity is known to 385 increase with light intensity and to decrease with CO 2 (von Caemmerer and Edmondson, 1986;  386 Sassenrath-Cole et al., 1994) , which the model predicted correctly (Fig. 4B and Fig. 5B ), the 387 ADP/ATP ratio should change accordingly. These results suggest that the ATP/ADP ratio may 388 play a major role in coordinating the regulation of Rubisco activity and PETC as a function of CO 2 389 and light intensity, both under steady-state and dynamic conditions.
390
The role of inorganic phosphate in the regulation of the electron transport chain 391
In order to explore the role of inorganic phosphate in the stroma (Pi) on the regulation of the 392 electron transport chain, a series of simulations were performed. Different Pi levels were 393 achieved by adjusting the total phosphate in the stroma and running the simulation until a 394 steady-state was reached, under light and CO 2 saturating conditions. Then, the relative effect of
395
Pi in different outputs of the model was analyzed (Fig. 8) .
396
As Pi decreased, the ATPase conductance decreased, which resulted in an increase of pmf and 397 NPQ (Fig. 8) . The increase in pmf was not associated to increased alternative electron transport, 
401
Changes in the regulation of electron transport chain could be observed with Pi concentrations 402 as high as 10 mM. Estimations from experimental data indicated that Pi is expected to remain 403 below 10 mM Sharkey and Vanderveer, 1989; Siebke et al., 1990) 
443
This ratio can also be estimated from the Gibbs free energy of ATP synthesis, if the proton 444 motive force is known. Turina et al. (2003) , Steigmiller et al. (2008) and 445 estimated the H + /ATP ratio for the photosynthetic ATPase of spinach using a biochemical 446 equilibrium approach and both obtained a value of 4 or close to 4. Using a biochemical kinetic 447 approach, Berry and Rumberg (1996) also concluded that the most likely value for this ratio in spinach was 4. Such mismatch between structure-based and biochemistry-based estimations of 449 the H + /ATP has also been reported for the mitochondrial ATPase of Escherichia coli (Steigmiller 450 et al., 2008) and Saccharomyces cerevisae . However, the reason for the 451 mismatch between the two methods is yet unknown.
452
In order to evaluate the effect of the H + /ATP ratio, the simulations of steady-state responses to 453 light and CO 2 were repeated assuming a ratio of 4. Some of the thermodynamic and kinetic 454 parameters of ATPase also had to be modified, as their original calculation relied on the value of 455 the H + /ATP ratio (see Supplemental Text for details).
456
The most immediate effect was a strong reduction in the electron fluxes associated to CET and 457 ANCET (Fig. 9) . This is to be expected as, with a lower H + /ATP ratio, the same ATP/NADPH 458 consumption can be met with a lower H + /e − ratio, hence the need to decrease all forms of 459 alternative electron transport. These results are similar to previous stoichiometric analyses (Yin 460 et al., 2006) . However, further changes were observed. Firstly, the rates of CO 2 assimilation also 461 increased (Fig. 9) , especially under conditions when ATP synthesis is expected to limit 462 photosynthesis (low light and/or high CO 2 ) with relative increases of up to 20%. This effect 463 reflects the fact that decreasing the H + /ATP ratio increases the overall energy efficiency of the 464 electron transport chain to synthesize ATP.
465
Secondly, decreasing the H + /ATP ratio also affected ATPase conductance (Fig. S5) , because of the 466 changes in the thermodynamics and kinetics of ATPase. The net result was an increase of the 467 pmf required for a particular H + flux, as well as an increase in the activation threshold of ATPase 468 (Fig. S5) . This generated an increase in pmf across different light intensities and CO 2 (between 469 10% and 20% relative increase, Fig. 9 ) and a decrease in lumen pH (up to 0.37 pH units). This 
475
indicate that lowering the H + /ATP ratio could result in significant increases in photosynthesis at 476 low light intensities, while increasing photoprotection at higher light intensities. In this context,
477
it is worth highlighting that the H + /ATP ratio of ATPase across different species varies in a wide 478 range, from 2.7 to 5.0 (Pogoryelov et al., 2012) . Therefore, reductions in the H + /ATP ratio may 479 be considered as a potential strategy for improving photosynthesis.
480
Conclusions
481
The model can reproduce satisfactorily different aspects of steady-state and dynamic 
485
The model predicts that cyclic and non-cyclic alternative electron transport are complementary,
486
especially at high light intensities, and that they can play a role in regulating the redox states of 
502
Materials and Methods
503
Model description 504
The model simulates dynamically the reactions associated with PETC and CO 2 assimilation
505
( Fig. 1) 
where is a matrix of kinetic expressions (or rate constants). Thus, applying the master 517 equation to simulate the kinetics of electron transport within a protein complex implies: (i)
518
constructing from the combination of redox states of the components, (ii) defining which 519 transitions are feasible, and (iii) choosing adequate kinetics for each transition.
520
PSII is modelled considering the oxygen evolving complex (Kok et al., 1970) , the two electron-521 gate model of Q B reduction by Q A (Velthuys and Amesz, 1974) , reversibility of charge separation 522 and energy transfer to the reaction center , and partial connectivity of 523 the antenna and light harvesting complexes . The equilibrium 
528
Energy-dependent non-photochemical quenching (qE) is calculated as a function of PsbS + and
529
ZX based on previous models (Takizawa et al., 2007; Matuszyn ska et al., 2016) and by assuming 530 that PsbS and ZX may contribute to qE in the absence of each other. The xanthophyll cycle,
531
including regulation of violaxanthin de-epoxidase (VDE) by lumen pH is included. Because of the 532 importance of chloroplast movement in A. thaliana Dall'Osto et al., 2014) ,
533
this process is also included, with expressions calibrated to published experiments (Davis and
534
Hangarter, 2012; Łabuz et al., 2015) , as described in the Supplementary Text.
535
The model assumes a bifurcated reaction for the oxidation of PQH 2 at the oxidase site of cyt b 6 f 536 (Kramer and Crofts, 1993) , such that the Q cycle is always engaged (Sacksteder et al., 2000 
538
(Schumaker and Kramer, 2011) , assuming that the high and low potential chains are in quasi-539 steady state, and including the effect of lumen pH on PQH 2 oxidation (Takizawa et al., 2007) .
540
The model of PSI assumes that the reactions between the primary electron acceptor (A 0 ) and Fd
541
are in quasi-steady state, while the rest of redox reactions within PSI are modelled explicitly.
542
Antenna complexes of different PSI units are assumed to be fully connected (Lavergne and 
543
Trissl, 1995), and energy transfer to the reaction center is assumed irreversible with a quantum 544 yield of 1, which is an adequate assumption given the high quantum efficiency of PSI (Croce and   545 van Amerongen, 2013).
546
The 
551
Several alternative electron transport pathways are included in the model (Fig. 1 ). NDH and FQR
552
are modelled taking into account the effect of pmf on NDH and the redox 553 regulation of FQR . WWC and NiR are simulated by constructing rate 554 equations based on published kinetics, whereas MDH and export of malate are modelled as
555
proposed by Fridlyand et al. (Fridlyand et al., 1998) .
556
The Calvin cycle is simplified into two steps: the conversion of ribulose-1,5-bisphosphate 561 (Zhang and Portis, 1999) and the relationships between Rca and Rubisco activity as proposed by
562
Mott and Woodrow . The regeneration of RuBP from PGA is 563 described by a pseudo-reaction that consumes ATP and NADPH in the correct stoichiometry 564 depending on the ratio between carboxylation and oxygenation (Farquhar et al., 1980) . It also 565 takes into account the consumption of triose phosphates by sucrose and starch synthesis, and 566 the regulation of enzyme activity by light intensity through the thioredoxin system (Sassenrath-
567
Cole et al., 1994).
568
The scaling of fluxes to the leaf-level is achieved with a "big chloroplast" approach (Farquhar, 569 1989) . CO 2 diffusion is implemented as a dynamic version of conductance-based models (Vialet-570 Chabrand et al., 2013; Berghuijs et al., 2015) , including conductances for the stomatal pores 571 (Vialet-Chabrand et al., 2013) , cell wall and chloroplast (Berghuijs et al., 2015) .
572
Simulations and data analysis 
586
( Fig. S1 -Fig. S5 ) and schematic diagrams of components of the model (Fig. S6 -Fig. S10 ).
587
Supplemental Tables: List of supplemental tables include parameters of the model with values 588 (Table S1 ), state variables of the model with default values (Table S2 ) and transition rules with 589 associated kinetics (Table S3) as described in the Supplemental Text.
590
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Figure legends 
660
Literature cited (A, B) ; the ratio between actual and maximum cyclic electron transport (f CET,m = CET/CET m ) and between actual and maximum alternative non-cyclic electron transprot (f ANCET,m = ANCET/ANCET m ) (C, D); and the relative changes in net CO 2 assimilation (A n ), lumen pH (pH) and redox state of the plastoquinone/ol pool (PQ/PQH 2 ) (E, F), as a function of maximum cyclic and alternative non-cyclic electron transport (CET m and ANCET m , respectively), at low (A, C, E) and high (B, D, F) light intensity. Simulations were performed with either the original (Table S1 ) half-saturation constants for FQR and NDH (solid lines) or after reducing these constants by a factor of 2 (dashed lines). The leftmost values for each panel correspond to the original values of CET m and ANCET m (Table S1 ) used in the rest of the study. The ratios of maximum capacities for electron transport of FQR and NDH, and of WWC, MDH and NiR were maintained across the different values of CET m and ANCET m , respectively. Figure 8 . Simulated relative differences in the ratio between H + �lux through ATP synthase and proton motive (v H /pmf), proton motive force (pmf), steady-state CO 2 assimilation (An), Stern-Volmer nonphotochemical quenching coef�icient (NPQ) the ratio between free stroma ATP and ADP (ATP/ADP) and the total fraction of electron �lux through PSI allocated to all forms of alternative electron transport (f AET ) as a function of free stroma inorganic phosphate (Pi) at saturating light intensity (1000 μmol m −2 s −1 ) and CO 2 (2000 μmol mol −1 ). Relative differences for NPQ are truncated at a value of 1, but the maximum relative difference was 5.3 (for Pi = 0.28 mM). Figure 9 . Simulated relative differences in steady-state CO 2 assimilation (An), total alternative electron transport (AET = CET + ANCET), proton motive force (pmf), Stern-Volmer nonphotochemical quenching coef�icient (NPQ) and concentration of plastoquinol (PQH 2 ) when the H + /ATP ratio of ATP synthase is reduced from 14/3 to 12/3, as a function of light intensity (A) and CO 2 (B).
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